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a b s t r a c t
Laboratory experiments were carried out at the Darcy scale to investigate the gravity-driven ﬁngering
phenomenon of immiscible two-phase ﬂow of water and a dense nonaqueous-phase liquid (DNAPL) such
as trichloroethylene (TCE). Rate-controlled displacement experiments were performed on a homogenous
sand-ﬁlled column under various displacement conditions. Several system parameters (e.g. ﬂow rate,
ﬂow mode (upward ﬂow, downward ﬂow) and mean grain-size diameter of the porous medium) were
varied in the experimental programme. Optical ﬁber sensors were developed to quantify the spatial dis-
tribution of the advancing displacement front in a given control section of the experimental device. Fol-
lowing each experiment, multi-point measurements of the remaining TCE saturation were obtained by in
situ soil sampling. The resulting DNAPL distribution was heterogeneous even though the medium was
homogeneous sand. Higher DNAPL injection rates and lower medium permeability both reduced gravity
ﬁngering. This is because viscous forces stabilize the advancing front with pressure gradients increasing
as function of the injection rate and decreasing as function of the permeability. Average residual TCE sat-
urations obtained by mass-balance in the experiment after a complete drainage–imbibition cycle were
inﬂuenced by the mean grain-size diameter of the porous medium but were not affected by the ﬂow
mode of the primary drainage process.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Characterization and quantiﬁcation of the migration of immisci-
ble liquids in ground-water are topics that have received consider-
able attention in recent years. Recent studies of two-phase
immiscible ﬂows have been motivated by the need to treat spills
and leaks of so-called dense nonaqueous-phase liquids (DNAPLs),
such as trichloroethylene (TCE), which can severely impact the
quality of subsurface water supplies (Kueper and Frind, 1989; Bir-
ovljev et al., 1991; Fayers and Zhou, 1996; Bettahar et al., 1999;
Benremita and Schäfer, 2003; Bohy et al., 2004). Unstable immisci-
ble displacement can form viscous, capillary, and/or gravity ﬁngers.
These ﬁngers propagate rapidly, causing early breakthrough rela-
tive to stable displacement (Brailovsky et al., 2006).
The current physical understanding of ﬁngering processes has
been developed primarily through linear stability analysis (Yao
and Hendrickx, 2001). While this theory provides information
about the displacement process under unstable conditions and
the practical growth rate of ﬁngers for small amplitude perturba-
tions, it neither predicts nor explains many signiﬁcant features
observed in laboratory experiments. The assumptions inherent to
the linear analysis are somewhat limiting with respect to actual
ﬁeld conditions. Fingering processes were initially studied in 2D
experiments, such as empty Hele–Shaw cells, as in the fundamen-
tal work of Saffman and Taylor (1958). These cells are composed of
two closely spaced parallel plates, and the motion of ﬂuids in the
system is mathematically analogous to that of two-dimensional
ﬂow in a porous medium. Later on, porous media was added be-
tween the plates of Hele–Shaw cells for better reproduction of
the random character of porous geometry. Observations from lab-
oratory experiments on instabilities have allowed researchers to
both test the predictions of the linear stability theory for ﬁngers
and to discover a number of unexpected features of ﬁngering ﬂow
ﬁelds, in which instabilities arise from the presence of gravity
(Frette et al., 1997), viscosity (Løvoll et al., 2004; Toussaint et al.,
2005; Løvoll et al., 2011), both gravity and viscosity (Méheust
et al., 2002; Nicholl and Glass, 2005) or capillarity when the dis-
placement is very slow (Lenormand and Zarcone, 1989; Ferer
et al., 2007; Christophe et al., 2010).
Laboratory studies have also been conducted on soil columns to
characterize the behavior of DNAPL displacement in saturated por-
ous media and to better understand the complexities of DNAPL
migration in environmental media (Khataniar and Peters, 1992;
Riaz and Tchelepi, 2006; Tullis and Wright, 2007; Schwille, 1988)
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conducted large column experiments (1 m high, 0.4 m diameter)
with perchloroethylene (PCE) in a low-permeability saturated sand
(K = 2  104 m s1). He found that the PCE front was not uniform
or even bulb-shaped. Instead, the PCE penetrated as tendrils or ﬁn-
gers in the interior of the sand body. Schwille (1988) also investi-
gated PCE penetration into water-saturated glass beads with
diameters ranging from 0.49 to 0.7 mm. The DNAPL was observed
to penetrate into the saturated zone in a ﬁnger-like stream. Ander-
son et al. (1992) described the common occurrence of DNAPLs in
the saturated zone of aquifers in the form of ﬁngered plumes and
pools that cause erratic contaminant distributions. Glass and
Nicholl (1996) reported that a complicated pattern of interacting
ﬁngers resulted from their stratiﬁed soil experiments; and this lim-
ited the number of isolated ﬁngers for which velocity and diameter
data could be collected. To explore the wetting phase saturation
levels in ﬁngers, Geiger and Durnford (2000) and Dicarlo (2004)
conducted one-dimensional ﬁngering experiments using small
cylindrical columns in which they examined the variation in
DNAPL saturation along the ﬁnger length. Their results suggested
that the propagating ﬁngertip is near full saturation, and the satu-
ration level decreases in the direction of the ﬁnger tail. Glass et al.
(2000) used a high-resolution light transmission method to inves-
tigate gravity-destabilized non-wetting phase invasion (CO2 and
trichloroethylene) in a macro-heterogeneous porous medium.
They observed a series of ﬁngers and pools, behind the growing
front, as a sequence of gravity-stabilized and gravity-destabilized
displacements within the heterogeneous medium.
To describe the two-phase liquid–liquid displacement in a por-
ous medium, various dimensionless parameters such as the capil-
lary number Nc (ratio of viscous to capillary forces), the viscosity
ratioM (ratio between the displaced ﬂuid viscosity and the displac-
ing ﬂuid viscosity), and the Bond number Nb (ratio of gravity to
capillary forces) are commonly used in the literature (Gioia and
Urciuolo, 2006). These numbers are deﬁned as follows:
Nc ¼ vlwrow cos h ð1Þ
where v is the Darcy velocity (L T1), lw (M L1 T1) is the dynamic
viscosity of the wetting ﬂuid, row (M T2) is the interfacial tension
between the non-wetting (oil) and wetting ﬂuid (water) and h (–)
is the contact angle at the solid–water–DNAPL interface;
M ¼ l1
l2
ð2Þ
where l1 (M L1 T1) is the dynamic viscosity of the displacing ﬂuid
and l2 (M L1 T1) is the dynamic viscosity of the displaced ﬂuid,
and
Nb ¼ Dqga
2 cosðaþ pÞ
row cos h
ð3Þ
whereDq (M L3) is the difference between the density of displacing
ﬂuid and the density of displacedﬂuid, g (L T2) is gravitational accel-
eration, a (L) is themean grain diameter of the porousmedium, and a
(–) is the angle formed by the ﬂow vector and gravity vector. When
gravity forces are involved, the Bond number can be either positive
or negative, depending on the value of a. The common convention
is that Nb is considered positive when ﬂow is gravity-stabilized,
whereas Nb is considered negative when the gravity acting to desta-
bilize the displacement. In the context of vertical gravity-driven
DNAPL migration in porous media, Nb is usually negative.
When two liquids are in contact in a porous medium, the denser
ﬂuid tends to sink to the bottom, and the upward force that this
heavier ﬂuid exerts on the lighter ﬂuid to balance its weight is
known as the buoyancy force. In the absence of buoyancy forces,
the ﬂuid patterns formed by immiscible displacement of a wetting
ﬂuid by a non-wetting ﬂuid can be divided into three regimes (sta-
ble, viscous ﬁngering, and capillary ﬁngering regimes) separated by
an intermediate transition zone. Lenormand et al. (1983) devel-
oped a phase diagram used to identify the location of the different
regimes, and thus of the transitional region between them, in anM,
Nc space. Ewing and Berkowitz (1998) noted that the phase dia-
gram relating viscous, capillary, and stable ﬂow regimes should
contain a third dimension to account for gravity and buoyancy
forces, given by the Bond number Nb.
The quantitative parameters previously described have also
been applied to estimate the mobility of DNAPLs in porous media
in terms of temporal variation of DNAPL saturation proﬁles during
immiscible displacements (Pennell et al., 1996; Helen and Paul,
1997; Hunt et al., 1998; Theodoropoulou et al., 2005; Glen et al.,
2006). Several methods have been used to study ﬂuid saturations
during the immiscible ﬂuid displacement process. In the past,
resistivity measurements (Leverett, 1939) and microwave absorp-
tion (Parsons and Marathon, 1975) provided area-average ﬂuid sat-
urations. More recently, techniques such as radioisotope tracing/
Gamma cameras (Zhang and Smith, 2001), X-ray tomography
methods (Glass et al., 2000) were able to deliver two-dimensional
projections of the ﬂuid saturation distribution and provide real-
time visualization of the advancing front. In these cases, the ability
to reproduce physical measurements was excellent. However, if
excellent images were obtained and the exact macroscopic struc-
ture of ﬁngers has to be provided, the application of this method
was limited to either 2D ﬂow cells, or fairly small 3D ﬂow. One
general conclusion from water-ﬂooding investigations is that
DNAPL saturation in porous media strongly depends on the inter-
facial tension between the immiscible liquids, the wettability of
the solids with respect to the immiscible liquids, and the pore
water velocity attained during water ﬂooding (Nguyen et al., 2006).
The aforementioned methods have not provided enough accu-
rate data for a conclusive study of displacement instability pro-
cesses. In addition, few experimental studies on immiscible
displacement have considered buoyancy forces, and relevant data
from experiments depicting the development of DNAPL gravity
ﬁngering are thus needed. Additionally, there is still no clear
experimental evidence on the effect of ﬂow rates, mode ﬂow
(gravity-stabilized, gravity-destabilized), and texture of the porous
medium on the occurrence of this phenomenon. A consistent issue
is that natural porous media are opaque, and we need to look at the
pore scale to understand to understand how the ﬁngers evolve.
The overall aim of the present work is to quantify displacement
instabilities in a saturated homogeneous porous medium. The
experimental approach is original as it is based on the use of opti-
cal ﬁbers to quantify locally the arrival times of the DNAPL/water
front at different points within a control section of the porous med-
ium. The column experiments comprise a series of drainage exper-
iments with TCE as the non-wetting ﬂuid and water as the wetting
ﬂuid. A second set of experiments focus on a complete drainage–
imbibition cycle to remobilize the TCE entrapped during the
primary drainage in the porous medium. Various displacement
conﬁgurations were considered for study of the inﬂuence of spe-
ciﬁc model parameters on the displacement process, such as the
direction of ﬂow, the velocity of the displacing ﬂuid, and the tex-
ture of the porous medium. The experiments were analyzed with
respect to both distribution of water/DNAPL front velocities, and
the DNAPL saturation in the column. In addition, conclusions about
displacement instability were then drawn.
2. Materials and methods
2.1. Experimental setup
Laboratory experiments were conducted on a transparent glass
column with a total length of 68 cm and an inner diameter of
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10 cm. Two porous media were used: medium sand and ﬁne sand.
The characteristic properties of both porous media, such as intrin-
sic permeability (k), mean grain size diameter (d50), uniformity
coefﬁcient (U), and porosity (g) were determined experimentally
(Table 1).
Trichloroethylene (TCE) was chosen as the DNAPL for the exper-
iments because it is among the most frequently detected contam-
inants in subsurface environments. At 20 C, TCE has a density of
1.463 g/cm3, a viscosity of 0.0056 g/s/cm, and a solubility in water
of 1300 mg/L (Jellali et al., 2003). In the column experiments, a dye
(Organol Red BS) was added to TCE to allow visual detection of the
DNAPL during the experiments; the dye concentration was approx-
imately 5 mg/L. Organol Red BS is highly soluble in TCE, and does
not modify its chemical and physical properties in the range of
concentrations applied (Jellali et al., 2001). A high-accuracy peri-
staltic pumpwith Teﬂon tubing and interchangeable heads for ﬂow
rates up to 200 mL/min was used to inject the displacing ﬂuid in
the sand-ﬁlled column. A 2-cm layer of coarse sand was placed
at the top and bottom of the sand column to ensure uniform ﬂow
conditions in the inlet and outlet sections of the studied sand col-
umn. Pressures at the inlet and outlet were measured using a pres-
sure transducer (Cerabar T-PMC131). Eight optical ﬁber sensors
were developed (see Section 2.2) to measure the arrival time of
the DNAPL front at different points within a section located half-
way up the column. The measurement recordings were acquired
using an Agilent 34970A Data Acquisition device connected to a
personal computer. The experimental setup used for running the
displacement experiments is illustrated in Fig. 1.
The experimental setup was designed to produce a controlled
and well-deﬁned injection of TCE in an initially water-saturated
homogeneous porous medium. Filling of the column was carried
out with dry sand added regularly and successively in layers of sev-
eral centimeters to a 10-cm deep water layer at the bottom of the
sand column, which was then mixed from bottom to top with a
thin rigid rod. Next, the sides of the glass column were gently
tapped to encourage the sand to settle tightly. This method was
previously demonstrated by Nsir (2009) to yield packed columns
with highly reproducible and uniform physical properties. To en-
sure that the sand ﬁlling had the same perfect water-wet charac-
teristics in each run, the glass column was reﬁlled with fresh
sand for each experiment. Before the start of each displacement
experiment, the column was ﬂushed with de-aired water to ensure
complete water saturation of the sand, and to measure the hydrau-
lic conductivity of the sand column. Once steady water ﬂow was
achieved, TCE was injected through the injection port of the packed
column at a constant ﬂow rate. The outlet section of the column
was kept at a constant water pressure. The optical ﬁber sensors
might disturb locally the ﬂow ﬁeld but the effect of their emplace-
ment has no major impact on the conclusions drawn about dis-
placement instability as their emplacements in the porous
medium were not changed during the different studied displace-
ment scenarios.
Two displacement modes were studied in the experiments, re-
ferred to as vertical-upward and vertical-downward displacement
later on in the study. In the ﬁrst set of studies, drainage experi-
ments were run in which TCE was the non-wetting ﬂuid and water
the wetting ﬂuid. Here, the displacement is generally unstable
according to the contrast of density and the unfavorable viscosity
ratio M (M = 0.58 < 1) that existed between the immiscible ﬂuids.
The second set of experiments is primary drainage followed by
water ﬂooding to mobilize the TCE entrapped in the porous med-
ium. The system constitutes a complete drainage–imbibition cycle.
To reach residual TCE saturations, a large range of water ﬂow rates
was used. In practice, the critical value of the capillary number at
which oil recovery becomes signiﬁcant has been found to be in
the range of between 105 and 104. As the capillary number in
our experiments is typically in the order of 106 for ordinary water
ﬂooding, ﬂow rate varied in the laboratory experiment from 40 up
to 170 mL/min, corresponding to a capillary number Nc of
4.1  106 to 16.8  106. Residual TCE saturation after imbibition
(water-ﬂooding) was examined under a range of experimental con-
ditions, including direction of ﬂow (upward or downward), dis-
placing ﬂuid velocity, and the mean pore size (medium or ﬁne
sand). Tables 2 and 3 summarize the different parameters varied
in drainage experiments and experiments conducted to study
drainage–imbibition cycle, respectively.
A major issue in the experimental studies was how to quantify
the preferential pathways of DNAPL during its migration in a satu-
rated porous medium. The ﬁngering process was recorded using
specially designed optical ﬁber sensors to measure the arrival time
of the water/DNAPL front at eight points in a control section lo-
cated halfway up the column. To obtain visual information on
the ﬁngering events that appeared in the sand column, digital
images were taken of the red-colored DNAPL blobs observed at
the glass wall of the column. For each displacement experiment,
the DNAPL breakthrough at the column outlet was determined
by measuring the quantity of TCE leaving the column. The extent
of local DNAPL saturation was determined by collecting and ana-
lyzing sand cores after each experiment (see Section 2.3).
2.2. Optical ﬁber sensors
The experiment used optical ﬁbers to quantify the DNAPL
migration pathways through the saturated sand. This technique,
widely used in industrial applications, can act as an active sensing
mechanism and is generally referred to as an intrinsic optical ﬁber
sensor. Similar sensors have found application in chemical, bio-
chemical, biomedical, and environmental sensing (Sharma and
Guptal, 2006; Gupta and Verma, 2009). The general structure of
the developed optical ﬁber sensor is shown in Fig. 2. It consists
of an LED as the optical source, an optical ﬁber that transfers the
optical signal, an optical detector (a photodiode), and processing
electronics.
The sensing principle is based on the change of optical intensity
modulation along the optical ﬁber. The tool converts the presence
of a DNAPL into modiﬁed optical characteristics of the emitted sig-
nal. The original prototype version of the optical ﬁber sensor was
conceived by VEGAS (Versuchseinrichtung für Grundwasser- und
Altlastensanierung) of the University of Stuttgart (Barczewski and
Marschall, 1992). As part of the PhD thesis of Nsir (2009), further
improvements were undertaken to obtain a robust and sensitive
tool for detecting the presence of DNAPL in porous media.
An optical ﬁber consists of a central core (through which light is
guided) embedded in an outer cladding with a slightly lower
refractive index. They are covered by a plastic jacket to mechani-
cally protect the ﬁber and exclude stray light. Light transmission
through an optical ﬁber occurs due to internal reﬂection at the
core/cladding interface. Any change in reﬂection can be detected
by a change in transmission. Because reﬂection depends on the
refractive index of the medium surrounding the ﬁber, removing a
portion of the cladding creates a zone that can detect DNAPL,
due to the different refractive indices of water (nw = 1.33) and
Table 1
Properties of the porous media used in the experiments.
Intrinsic
permeability
K (m2)
Mean grain
diameter d50
(mm)
Uniformity
coefﬁcient
U (–)
Porosity
(g)
Medium sand 9  1011 0.43 2.1 0.43
Fine sand 5  1012 0.17 2.3 0.40
K. Nsir et al. / International Journal of Multiphase Flow 40 (2012) 83–92 85
Author's personal copy
DNAPL (nDNAPL = 1.46). Therefore, light intensity modulation can be
brought about by refraction of rays in the DNAPL surrounding the
modiﬁed cladding region.
The experimental work uses an all-silica multimode ﬁber with
core/cladding/jacket external diameters of 600/675/690 lm. The
optical ﬁbers were approximately 50 cm long. The sensing element
Fig. 1. Schematic representation of the experimental setup.
Table 2
Characteristics of drainage experiments.
Porous medium Flow mode Nc M Nb
Experiment 1 Medium sand Upward 4.1  106 0.58 2.7  105
Experiment 2 Medium sand Downward 4.1  106 0.58 2.7  105
Experiment 3 Medium sand Downward 7.5  106 0.58 2.7  105
Experiment 4 Fine sand Downward 4.1  106 0.58 4.2  106
Table 3
Characteristics of drainage–imbibition cycle experiments.
Porous medium Drainage ﬂow mode Displacement condition Imbibition ﬂow mode Displacement condition
Experiment 1 Medium sand Upward Stabilizing gravity effect Downward Stabilizing gravity effect
Experiment 2 Medium sand Upward Stabilizing gravity effect Upward Destabilizing gravity effect
Experiment 3 Medium sand Downward Destabilizing gravity effect Downward Stabilizing gravity effect
Experiment 4 Medium sand Downward Destabilizing gravity effect Upward Destabilizing gravity effect
Experiment 5 Fine sand Downward Destabilizing gravity effect Downward Stabilizing gravity effect
mirror 
refracted light
nc 
ng 
nDNAPL
couple
Diode 
cladding
core
optical detector and processing electronics
ng
nc
nDNAPL
emitted light reflected light
Fig. 2. Principle of the developed optical ﬁber sensor. ncl and nc are the refractive indices of the cladding and core of the optical ﬁber, respectively.
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was prepared by decladding a small portion of the optical ﬁber
(about 1 cm in length), which was then cleaved at its end face.
Next, the polished surface of the end face was coated with a thin
aluminum layer to create a mirror, using monomer vapor phase
deposition (Nsir, 2009). The in situ deposition of the chemically ac-
tive metal (aluminum) on the polished surface of ﬁber is achieved
by suspending it in the monomer vapor phase deposition. The
output face of the ﬁber is placed in front of a crucible ﬁlled with
boil-off and heated to above 1000 C. Evaporation of aluminum
was carried out under a pressure of about 107 atm. The coating
and adhesion of the metal to the ﬁber surface were of high quality.
The developed sensors do not indicate of what percent of the
proportion of DNAPL was in contact with the sensitive part of the
ﬁber. They react for primary droplets of DNAPL being in contact
with the sensitive part of the ﬁber. Therefore, detection of DNAPL
in any sensor emplacement does not mean that surface surround-
ing of the sensing element is completely impregnated by DNAPL.
An estimate of DNAPL saturation is thus not possible with the ac-
tual ﬁber tool.
2.3. Quantiﬁcation of DNAPL saturation
For each drainage experiment, a total volume of TCE corre-
sponding to approximately 70% of the pore volume of the packed
sand was injected into the column at a constant ﬂow rate of
40 mL/min. The amount of TCE entrapped in the porous medium
was determined by mass balance of DNAPL inﬂow and outﬂow.
Residual saturations of TCE were established in the water-satu-
rated sand column after a complete drainage–imbibition cycle.
First, TCE was injected into the saturated porous medium, as in
the drainage experiment. The ﬂow direction was then reversed,
and water was pumped through the column to displace the mobile
TCE phase. To minimize the removal of entrapped TCE by dissolu-
tion the water injected into the sand-ﬁlled column did not exceed
three times the total pore volume. If no TCE mobilization was ob-
served after ﬂushing with the chosen ﬂow rate, an increased ﬂow
rate was applied to the sand column. For each ﬂow rate, the DNAPL
recovered in the efﬂuent was collected in glass vials, and the vol-
ume of TCE displaced as free product measured. The average TCE
saturation in the column was calculated per difference.
At the end of each displacement experiment (drainage experi-
ment/complete drainage–imbibition cycle) the sand was sampled
to obtain vertical proﬁles of local (entrapped/residual) TCE satura-
tions in the saturated porousmedium. Because of the emplacement
of ﬁbers, the sampling was achieved only above the sensor control
section of the column. Local TCE saturations at various lateral posi-
tions and at different depths of the sand column were quantiﬁed
using a soil sampler that probed a volume of roughly 2 cm3 (Nsir,
2009). The sampling grid used for this process was very ﬁne (5 cm
spacing) in the vertical direction. At each sampling depth, one sam-
ple was taken on the axis of the column and two others on opposite
points of the edges of the column section. TCE was extracted from
these samples with methanol, and was measured by GC/FID.
3. Results and discussion
3.1. Arrival time of the water/DNAPL front for a low injection rate
To determine whether displacement instabilities occur, the arri-
val times of the DNAPL frontwere recorded at different points of the
control section (z = 34 cm) during a drainage experiment con-
ductedat a low injection rateof40 mL/min, for bothvertical-upward
and vertical-downward ﬂowmodes. A normal distributionwas ﬁt to
the arrival times, and normalized by the mean arrival time (Fig. 3).
All sensors placed in the control section of the column detected
DNAPL for both gravity-destabilized and gravity-stabilized ﬂow.
Thismaybeexplainedby the fact thatonlya small portionof the sen-
sitive part of ﬁbermay have been in contactwith DNAPL droplets. In
the case of the downwardﬂowmode, the arrival times of theDNAPL/
water front varied widely, and their distribution is non-uniform. A
standard deviation of nearly 70 s was obtained, whereas in the case
of upwardﬂowmodea standarddeviationof only9 swas calculated.
This large difference is principally caused by density-driven ﬁnger-
ing that develops in the case of the vertical-downward displace-
ment. The low injection rate makes viscous forces negligible, so
the capillary and buoyancy forces together dictate the movement
of the advancing ﬂuid. Given the contrast of both density and viscos-
ity between the two ﬂuids, the injected non-wetting ﬂuid (TCE) pre-
fers to move along preferential paths with low capillary resistances,
thereby forming pronounced ﬁngers. Capillary ﬁngers, if formed,
would be converted into gravity ﬁngers as they elongated. A verti-
cally oriented macroscopic ﬁnger may result that is composed of a
sequence of larger cluster of entrapped TCE. In the case of vertical-
upward displacement, gravity plays a stabilizing role in the migra-
tion of DNAPL and compensates for the destabilizing viscosity ratio
M that exists between the two ﬂuids. Under this condition, the
water/TCE interface moves as a piston-like ﬂow, and as a result,
the recorded arrival times are very close together. This is consistent
with the digital images taken of the red-colored TCE blobs observed
at the glasswall of the column (Fig. 4). In the case of downward ﬂow,
TCE frontwas observed as small droplets or globules forming ﬁngers
and numerous protuberances, as described by Zhang and Smith
(2001). In the case of upward ﬂow, the TCE front followed a compact
path as a succession of homogeneous layers alternating with thin
discontinuities. This layering is an artifact of the packing method
employed in the experiments. Here, Nb becomes positive in the sys-
tem and its value of 2.7  105 seems to be sufﬁcient to generate a
stable displacement regime independently of the values of both cap-
illary number (Nc = 4.1  106) and unfavorable viscosity ratio
(M = 0.58).
In case of downward displacement, buoyancy forces speed up
the downward movement of the TCE on account of its higher den-
sity as compared to water (Fig. 4b). Thus, the displacing ﬂuid
moves much faster than in the vertical-upward case, and a prema-
ture breakthrough time is established. This behavior was experi-
mentally conﬁrmed, with TCE breaking through at the outlet
section of the column at nearly 30 min and 22 min for upward dis-
placement and downward displacement, respectively.
3.2. Average DNAPL saturation
The average TCE saturations calculated by mass balance over
the entire column are quite different for upward and downward
Fig. 3. Measured dimensionless arrival times of DNAPL front in both vertical-
upward ﬂow mode and downward ﬂow mode at low DNAPL injection rate and in
downward ﬂow mode at high DNAPL injection rate (tmean is the average arrival time
of DNAPL front): case of drainage of water-saturated medium sand.
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displacements (Fig. 5), and these observations conﬁrm that density
contrast plays a signiﬁcant role in the migration of a DNAPL in a
porous medium, particularly at low DNAPL injection rates. In the
experiments, we determined an average TCE saturation of about
66% in the case of upward displacement, but only 33% for down-
ward displacement. Furthermore, soil samples taken at the end
of each drainage experiment clearly indicate that the TCE satura-
tion front behavior is abrupt in the case of upward water displace-
ment varying from 20% to 70% at a depth between 10 and 30 cm. In
the case of downward displacement, the TCE saturations are more
or less uniformly distributed over the sampling depths and are
characterized by a low saturation of about 16% (see Fig. 5). This dif-
ference is mainly due to the stable growth during upward displace-
ment, whereas downward displacement is characterized by ﬂow
instabilities. The interactions between the capillary, buoyancy,
and viscous forces result in a complex ﬂow pattern characterized
by ramiﬁed features as observed in Fig. 4b.
3.3. DNAPL pressure at the inlet section
Although the DNAPL saturation describes the distribution of
displacement ﬂuids in the porous medium, it is the pressure
build-up that signiﬁcantly determines the displacement of one
ﬂuid by another. Thus, to better understand the interplay between
global pressure behavior and displacement condition (stable or
unstable), the inlet TCE pressure was measured in the laboratory
experiment for upward and downward displacement. Fig. 6a and
b summarizes the TCE pressure measured as a function of time
at the inlet section of the soil column for the cases of upward dis-
placement and downward displacement, respectively. The bound-
ary pressure applied to the outlet section of the experimental
system corresponded to a water height of 18 cm and 86 cm,
respectively. As shown in Fig. 6a, the pressure at the inlet section
increased with time in the case of vertical upward displacement.
Thus, the water/DNAPL interface is stabilized by the gravity effect
in this case. This conﬁrms the ﬁndings of Løvoll et al. (2005). The
potentially destabilizing inﬂuence of the viscosity ratio was not
signiﬁcant. The pressure increase is therefore caused by the high
density of the invading ﬂuid, which overrides the decrease in vis-
cous pressure drop during the displacement of the less viscous
DNAPL.
Downward displacement of water by TCE is an unstable dis-
placement, with a much more irregular front and several gravity
ﬁngers. The interplay between hydrostatic pressure and viscous
pressure varies under this condition of displacement and results
in an overall decrease of the inlet TCE pressure. As shown in
(a) 
(b) 
Fig. 4. TCE front observed on the column wall at the beginning (5 min) and the end
of experiment: (a) case of upward drainage of water-saturated medium sand at low
DNAPL injection ﬂow rate; (b) case of downward drainage of water-saturated
medium sand at low DNAPL injection ﬂow rate.
Fig. 5. Measured TCE saturation as function of depth and average TCE saturation in
the column at the end of experiment for both vertical-upward and vertical-
downward drainage of water-saturated medium at low DNAPL injection ﬂow rate
and vertical-downward drainage of water-saturated medium sand at high DNAPL
injection ﬂow rate.
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Fig. 6. Measured inlet and outlet pressure head as functions of time: (a) case of
vertical-upward drainage of water-saturated medium sand at low DNAPL injection
ﬂow rate; and (b) case of vertical-downward drainage of water-saturated medium
sand at low DNAPL injection ﬂow rate.
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Fig. 6b, the measured pressure decreases as the less viscous and
denser ﬂuid invades the system due to the constant TCE injection
rate. Here, buoyancy forces are destabilizing and dominate the
movement, resulting in typical DNAPL ﬁngers in the displaced
ﬂuid. The macroscopic water/DNAPL interface is therefore no long-
er horizontal and many throats become blocked by the capillary ef-
fects. The number of active invasion paths is therefore low, and the
ﬂow section of DNAPL is reduced. The contribution of viscous pres-
sure is also limited and is dominated by the contribution of the
higher density of the invading ﬂuid. Combination of all of these ef-
fects results in the decreased inlet pressure.
3.4. Inﬂuence of the DNAPL injection rate on gravity ﬁngering
The DNAPL injection rate is one of the key factors in displace-
ment of water by DNAPL and controls the balance between the
buoyancy, viscous, and capillary forces. Low injection rates yield
more opportunities for capillary effects and buoyancy effects to
acting in displacement, and the viscous forces are basically limited.
It has been previously shown that under a low injection rate, the
vertical-downward displacement of water by TCE gives rise to sev-
eral ﬁngers. Development of ﬁngers is mainly caused by the desta-
bilizing effect of the gravitational forces that dominate the
displacement process in this situation. The invasion of a saturated
porous medium by TCE is only partial, and the resulting distribu-
tion of the pollutant is thus inhomogeneous. To study the effect
of increasing the injection rate on the occurrence of instability phe-
nomena during downward ﬂow mode, a displacement experiment
was performed with a doubled DNAPL injection rate.
The statistical description of the measured arrival times shows
that their distribution is quite similar to the one obtained for up-
ward displacement at a low ﬂow rate (see Fig. 3). The standard
deviation is about 17 s, which is signiﬁcantly less than that ob-
tained for the case of downward displacement of water by TCE at
a low rate (standard deviation equal to 70 s) and similar to that ob-
served in the case of upward movement (stable case, standard
deviation equal to 9 s). Thus, the increase in the injection rate sig-
niﬁcantly stabilizes the displacement. The displacement pattern
has more resemblance to the compounding pattern for the verti-
cal-upward displacement recorded at low ﬂow rate. This can be ex-
plained by the fact that the high DNAPL injection rate is related to a
high-pressure gradient, and when the pressure gradient is high en-
ough, and then both the capillary and buoyancy forces might be
effectively neglected. Here Nb is negative (2.7  105) and the
viscosity ratio M is always unfavorable, but an increase of the cap-
illary number (Nc increases from 4.1  106 to 7.5  106) seems to
lead to a transition to a stable displacement regime which can be
referenced in the 3D diagram proposed by Ewing and Berkowitz
(Ewing and Berkowitz, 1998). This result is rather surprising, be-
cause DNAPL has a lower viscosity, and one would expect a faster
injection rate to destabilize the fronts even more. The motion may
be unstable, but the shape of the ﬁnger head is such that it hits
most of the sensors in a moderate amount of time, whereas the un-
touched parts of the ﬂow are located in the zones without sensors.
Alternatively, the separation between a TCE ﬁnger and water may
cover a longer distance at high speed, which then becomes compa-
rable to or larger than the cell size.
TCE saturations obtained at high injection rate are shown as
function of depth in Fig. 5. The TCE saturations are globally higher
than those obtained in the case of low injection rate. The average
TCE saturation is now increased to 47%. The corresponding proﬁles
also display fewer irregularities than those obtained in the case of
downward drainage conducted at a low injection rate. As the ﬂow
rate increases, the advancing DNAPL/water front behavior becomes
more abrupt.
3.5. Effect of permeability on gravity ﬁngering
To study the effect of the intrinsic permeability of the porous
medium on the gravity ﬁngering process, a second displacement
experiment was performed using ﬁne sand and applying the same
low DNAPL injection rate as in the ﬁrst experiment. The intrinsic
permeability of the ﬁne sand is approximately eighteen times low-
er than that of the medium sand. Fig. 7 shows the comparison of
measured dimensionless arrival times of the TCE front (during
the downward displacement of water by TCE) carried out in ﬁne
sand to those obtained in the medium sand. In the case of the ﬁne
sand, statistical analysis of the determined distribution of front ar-
rival times yields a nearly uniform distribution. The standard devi-
ation in this case is only 12 s, in comparison to the 70 s recorded in
the case of displacement of water by TCE in the medium sand.
Because the permeability is primarily controlled by the pore-throat
size, changing the size of the mean grain diameter of the sand has a
larger effect on drainage displacement behavior due to the increase
in capillarity effects (Yao and Hendrickx, 2001). One might expect
that the growth of gravity-driven ﬁngers would be nearly sup-
pressed under this condition of displacement. Although buoyancy
forces dominate the displacement especially at low DNAPL injec-
tion rates and the Bond number is negative, the capillary number
(Nc = 4.1  106) is closer to the absolute value of Bond number
(|Nb| = 4.2  106) in the case of displacement in ﬁne sand than
in the case of displacement in medium sand ((|Nb| = 2.7  105). In-
deed, a lower mean grain size of the porous medium is directly
translated to a lower absolute value of the Bond number (see Eq.
(3)). This might explain the reduction in the potential contribution
of buoyancy forces to the development of ﬁngering processes in
low-permeability porous media. Furthermore, when an evolving
ﬁnger propagates in ﬁne sand, the ﬁnger velocity may be slowed
down until the non-wetting phase pressure increases enough to
overcome the local increase in capillarity effects, which is appar-
ently sufﬁcient to stabilize the displacement front. Indeed, the
destabilizing effect of the unfavorable viscosity ratio on the dis-
placement was not completely overcome and formation of local
ﬁngers that we did not observe might have occurred.
Based on these observations, we may assert that when the Bond
number is negative but have the same magnitude as the capillary
number, may corresponding to a stable displacement region that
we can reﬁne in the 3D diagram proposed by Ewing and Berkowitz
(1998).
3.6. Residual DNAPL saturations
Residual TCE saturations were measured in the sand-ﬁlled col-
umn after a complete drainage–imbibition cycle. Four conﬁguration
Fig. 7. Measured dimensionless arrival times of the water/DNAPL front in both
medium sand and ﬁne sand: case of vertical-downward water displacement at low
DNAPL injection ﬂow rate (40 mL/min).
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cycles related to the applied ﬂow mode (vertical-upward ﬂow,
vertical-downward ﬂow) in both primary drainage and water-
ﬂooding processes were carried out in the medium sand. The pri-
mary drainage was initially carried out under a stable displacement
condition using a constant vertical-upward DNAPL ﬂow rate. This
resulted in a high initial TCE saturation, whereas the vertical-
downward primary drainage gave rise to a small initial TCE satura-
tion in the saturated porous medium (see Section 3.2). After each
drainage experiment, water was then either injected from bottom
to top, which reproduced an unstable gravity condition, or from
top to bottom in a second experiment, allowing buoyancy forces
to play a maximum stabilizing role in the water ﬂooding process.
In addition, one complete drainage–imbibition cyclewas conducted
in the ﬁne sand (see Table 3). In this case, both primary drainage and
water-ﬂooding displacements were performed in the direction of
the gravity forces. Section 3.5 clearly showed that stable conditions
were achieved during the drainage process even for a destabilized-
gravity condition and unfavorable viscosity ratios between the two
ﬂuids.
A large range of water ﬂow rates was applied to mobilize the
DNAPL entrapped in the porous medium after primary drainage.
Corresponding entrapped TCE saturation in the porous medium
was measured by mass balance as described in Section 2.3. The
water ﬂow rate was varied (up to approximately four times the ini-
tial ﬂow rate) by increasing the water injection rates from 40 to
170 mL/min, corresponding to a capillary number Nc ranging from
4.1  106 to 16.8  106.
Fig. 8 summarizes the observed average TCE saturations as a
function of the capillary number (Nc) for the four drainage–imbibi-
tion cycles conducted in the medium sand and for the one cycle
performed in both the ﬁne and medium sand under the same ﬂow
mode. It should be noted that, independent of the primary drainage
condition (stable or unstable), the average residual TCE saturations
quantiﬁed in the medium sand were lowest for downward water-
ﬂooding and highest for upward water-ﬂooding at the lowest cap-
illary number of 4.1  106. For a high initial TCE saturation in the
porous medium (66%), the remaining TCE saturation is only 18% for
downward water-ﬂooding against 45% when a upward water-
ﬂooding was applied. This result is in good agreement with the
ﬁndings of Helen and Paul (1997). In the case of upward water-
ﬂooding, the viscous forces are counteracted by buoyancy forces
at the lowest water-ﬂooding rates, and a large fraction of the TCE
remains in the pores. However, buoyancy forces push the DNAPL
droplets downward when the water is injected from the top.
Whereas the buoyancy forces are cooperative forces in the down-
ward water-ﬂooding and are combined with the capillary and vis-
cous forces to displace the DNAPL droplets, the buoyancy forces are
subtractive forces in the case of upward displacement and compete
the capillary and viscous forces that mobilize the entrapped
DNAPL. Furthermore, the remaining TCE saturations in the medium
sand for both ﬂow modes applied during water-ﬂooding tend to
decrease as Nc increases. This indicates that both the capillary
and buoyancy forces are overcome by the viscous forces at high
injection ﬂow rates, and therefore, the mobilization of TCE be-
comes independent of the chosen ﬂow mode. On the other hand,
it can be noted that residual TCE saturations obtained at high cap-
illary numbers were slightly different for both water-ﬂooding
directions, whereas their values were fairly equal for the two pri-
mary drainage directions and followed the same water-ﬂooding
mode. Regardless of the initial saturation in the porous medium,
the average residual TCE saturation was stabilized around 20%
and 12% for upward water-ﬂooding and downward water-ﬂooding,
respectively. Therefore, it can be concluded that residual TCE satu-
rations are directly related to the imbibition ﬂow mode and are
independent of the initial distribution of DNAPL in the porous
medium.
As shown in Fig. 8b, the residual TCE saturation determined at
the lowest capillary number (Nc = 4.1  106) for the ﬁne sand
was slightly higher than that observed in the medium sand. The
initial difference of about 5% increases with increasing capillary
number. At higher capillary numbers, residual TCE saturation is re-
duced to 20% in the ﬁne sand, and 13% in the medium sand. This
may be explained by the fact that, with decreasing mean grain size
of the porous medium, capillary forces become dominant and lead
to a signiﬁcant quantity of TCE being captured in the porous med-
ium, even when viscous forces increase during water-ﬂooding at
high ﬂow rates.
Fig. 9a and b shows the measured local TCE saturations at a cen-
tre point and two point edges of a column transect as a function of
depth for downward water-ﬂooding displacement and upward
water-ﬂooding displacement in the medium sand, respectively. In
the case of downward water-ﬂooding, the residual TCE saturation
seems to be more homogeneous along the whole section of the soil
column because the measured TCE saturation values on the axis
and edges (two opposite points) of the soil column are closer to
each other at most sampling depths than those obtained in the case
of upward-water ﬂooding. Despite favorable viscosity ratios exist-
ing between the immiscible ﬂuids, ﬁngering driven by destabiliz-
ing density may be formed (Lenormand and Zarcone, 1985;
Lenormand, 1989). The shape of these ﬁngers might be different
to those observed during gravity destabilizing primary drainage.
During downward water-ﬂooding, as the displacing ﬂuid (water)
is lighter than the displaced ﬂuid (TCE), the TCE/water interface
is kept stable, and water most likely crosses the entire section of
the sand-ﬁlled column. Consequently, the major part of the en-
trapped TCE in the porous medium is mobilized downwards at
the same rate. However, due to the unstable gravity condition in
the case of upward water-ﬂooding, water ﬂows upwards along
preferential paths and leaves behind a heterogeneous spatial
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Fig. 8. Average TCE saturations as a function of the capillary number Nc: (a) four
drainage–imbibition cycles performed in medium sand and (b) one drainage–
imbibition cycle performed in medium and ﬁne sand under the same ﬂow modes.
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distribution of an amount of TCE in the sand. This is shown as an
example for a depth of z = 15 cm (with z = 0 corresponding to
the top of the column). A low residual TCE saturation of only 2%
was measured, indicating the preferential pathways of water,
whereas at another sampling point located at the same depth, a
high residual TCE saturation of nearly 25% was quantiﬁed, illustrat-
ing a region not in contact with the water ﬂush.
The residual TCE saturation measured in the ﬁne sand as a func-
tion of depth at different points of the column section (centre point
and two point edges) are shown in Fig. 9c. The residual TCE satura-
tion appears to be more uniformly distributed than in the medium
sand. For a given depth, the difference between TCE saturation val-
ues in the axis and along the wall of the column is lower than 5%.
Furthermore, the average residual TCE saturation varies between
16% and 24% along the total sampling height. This indicates that,
due to the dominating capillary forces in the ﬁne sand (as previ-
ously stated), the immiscible front of displacement is almost
abrupt.
4. Conclusion
In this study, optical ﬁber sensors were developed to quantify
DNAPL gravity-driven ﬁngering in a water saturated homogeneous
porous medium. The inﬂuence of several hydrodynamic parame-
ters (such as direction of ﬂow, velocity of displacing ﬂuid, and tex-
ture of the porous medium) on the instability displacement
process was evaluated during various displacement conﬁgurations
(drainage experiment and complete drainage–imbibition cycle).
DNAPL front arrival times recorded halfway up in a column
ﬁlled with medium sand were more spread out in downward
drainage than those obtained in the case of upward drainage,
showing evidence of preferential path growth for the non-wetting
ﬂuid in the saturated porous medium. Here, the spatial distribution
of the measured DNAPL saturation was rather inhomogeneous. As
expected, buoyancy forces help to stabilize the displacement dur-
ing the vertical-upward drainage, however, they enhance the
unstable displacement and may lead to gravity-driven ﬁngers in
the case of a downward displacement. It is worthwhile to note that
the velocity of front displacement and the permeability of the por-
ous medium may fundamentally affect the occurrence of gravity
ﬁngers and may even entirely suppress the ﬁngering process dur-
ing immiscible downward displacement. The experimental results
highlight that, even for a gravity-destabilized condition, the dis-
placement of the immiscible front was more stable in the case of
a high DNAPL injection rate, and entrapped DNAPLs were nearly
uniformly distributed in the saturated medium sand. This happens
because viscous forces become dominant over buoyancy forces.
This stabilizing effect is evident in laboratory experiments, but it
is very hard to achieve in a real applied situation. Additionally, it
was also concluded from the experimental results that downward
migration of the DNAPL in a sand with ﬁne texture leads to an en-
hanced stabilization of the immiscible front in the saturated por-
ous medium. Here, the small pores of the ﬁne sand accentuate
the local capillary pressure in the pores, which slows down the
front displacement and makes it more uniform.
The experimentally obtained residual DNAPL saturations clearly
indicate that upward water-ﬂooding displacement leads to higher
quantities of entrapped DNAPL than during downward displace-
ment of water by DNAPL. It was also found that residual DNAPL
saturation is a decreasing function of the capillary number Nc,
which conﬁrms the ﬁndings of earlier studies. Subsequently, the
difference in permeability between the ﬁne sand and the medium
sand signiﬁcantly impacts the values of residual DNAPL saturation.
Furthermore, the residual DNAPL saturations measured in the case
of the ﬁne sand were much more uniformly distributed over the
depth than in the medium sand. In an upcoming paper, the exper-
imental data will be used to validate a recently developed numer-
ical grain size distribution based pore-throat model (Nsir and
Schäfer, 2010) to compute the water/DNAPL displacement at the
pore scale.
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